Introduction
An increasing number of databases containing relevés of various types of plant communities and an easier access to their resources [1, 2] provides an opportunity to create synthesis of vegetation not only within particular countries [3] [4] [5] , but also within geographical regions, owing to direct comparison of available data using numerical methods. Synthesis of this type has been prepared for communities of the Molinio-Arrhenatheretea class in the southern part of Central Europe [6] , communities of the Mulgedio-Aconitetea class in Central and Northern Europe [7] , for weed vegetation of arable land in the Czech Republic and Slovakia as well as for Balkans [8, 9] , inland Bulboschoenus vegetation [10] , Salix tundra thickets [11] , Pinus mugo-communities [12, 13] and semi-dry and dry grasslands in Northern and Central Europe [14] [15] [16] . Interestingly, only a few comparative studies concerned forest communities [17] [18] [19] [20] , despite relevés of forests being the major part of most national vegetation databases [21, 22] .
As was rightly mentioned by Knollová et al. [4] , many plant communities in Europe were distinguished in accordance with the European phytosociological tradition, based on highly detailed research, but carried out on a small area. Afterwards, syntaxonomical units created in this manner were presented as applicable to much wider areas and repeatedly formed the basis for national phytosociological classifications. Currently, having comparative material and possibilities of numerical analysis, we should avoid partial classification and rather create a pan-European syntaxonomical system including precise classification of communities on a continental scale.
In the current study, we focused on Central European forest communities with a dominance of silver fir (Abies alba), due to many inconsistencies resulting from the comparison of different classification systems in particular countries [23] [24] [25] [26] [27] [28] [29] [30] [31] . These inconsistencies have three main reasons. First, silver fir forests frequently occur within vegetation belts naturally dominated by European beech (Fagus sylvatica) or Norway spruce (Picea abies). Second, the species composition of Abies alba-dominated forests represents a transition between beech and spruce forests [26] . Third, in many areas of Central Europe it is not clear if silver fir forests represent a natural vegetation type. Some scientists present evidence that the dominance of silver fir is the result of different human activities such as forest pasture, litter raking and the preference for fir wood as a building timber [26, 32, 33] . For these reasons the classification of silver fir-dominated forests into higher-ranked syntaxa is questionable since they can be classified both within Vaccinio-Piceetea and Querco-Fagetea [see the differences in classification by : 24,26-28,30,31] . Some authors even suppose that secondary forests should not be described as separate communities [33] .
The goals of this paper were to describe the patterns in species composition within silver fir-dominated forests occurring in Central Europe and recognize the main environmental factors affecting their vegetation variability.
Experimental Procedures

Relevé data
The study is based on the analysis of phytosociological relevés with the occurrence of Abies alba in the tree layer, collected according to Braun-Blanquet approach [34] and originating from the vegetation databases of Austria (1521 relevés), the Czech Republic (1412 relevés), Poland (558 relevés) and Slovakia (665 relevés) [21, 22, [35] [36] [37] . We also used 206 relevés from Poland, which were obtained from field investigations and literature sources and stored and maintained by authors using Turboveg 2.94 software [38] . The total data set used in the preliminary analysis contained 4362 relevés and covered a major part of the Bohemian Massif, the western part of the Carpathian arc and the eastern part of the Alps. Also data from the northern border of the Abies alba distribution range in Europe, the Góry Świętokrzyskie Mts in Poland, were included.
A priori selection
To obtain the final data set containing relevés of silver fir-dominated forests we applied the additional criteria in the database.
Firstly, we removed all the relevés with plot size smaller than 100 m 2 and larger than 600 m 2 . Using such a range of plot sizes is acceptable for heterogeneous data sets [39] , and enables us to analyse more data than ranges of 100-400m 2 or 225-625 m 2 , which are suggested as better comparable. Thus, we selected 2408 relevés (55% from total data set).
In order to restrict the analysis only to forest communities with a dominance of Abies alba, we chose those with at least 50% coverage of Abies alba (i.e. 4 and 5 in the Braun-Blanquet scale) from the set of the relevés. Finally, 718 relevés from the whole data set available have been analysed: 168 relevés from Poland, 449 relevés from the Czech Republic, 45 relevés from Austria and 56 relevés from Slovakia.
The nomenclature follows Tutin et al. [40] [41] [42] [43] [44] for vascular plants and Ochyra et al. [45] for bryophytes. We merged some species into aggregates (marked as "agg."), due to the regionally different taxonomic approach. Most of the aggregates correspond to Chytrý and Tichý [3] , however some of them were established a priori by database content (Appendix 1). The moss layer also was included in the analysis, but we excluded lichens, because they have been recorded sporadically throughout the databases.
Numerical analyses
We prepared the analysis using the JUICE software [46] with a modified TWINSPAN method [47] . We transformed the cover abundance scale into a three-step ordinal scale, with pseudospecies cut levels at 0%, 5% and 25%. We merged different layers for the same species using JUICE implemented procedure. The cover of the species aggregation was calculated under the assumption that covers can overlap and that they do so independently of each other [48] . A Total Inertia method was used as a measure of cluster heterogeneity [47] . Diagnostic species for vegetation units were determined using the Φ coefficient as a measure of fidelity [20, 49] . The species with threshold values of Φ coefficient >25 were considered to be diagnostic, even if their frequency was low. Fisher's exact test (P<0.05) was used to eliminate the fidelity value of species with non-significant occurrence patterns. The Φ coefficient was used for clusters of equalized size [50] . All fidelity values used in the paper were multiplied by 100. The constant species were definied as a species with an occurrence frequency of at least 50% in the described cluster. The dominant species were those having a percentage cover higher than 50% at least in one relevé of the individual vegetation unit. The final classification of the relevés was based on the TWINSPAN results ( Figure 1) . Preliminary results of analysis in JUICE software using crispness of classification algorithm suggested that the optimal number of clusters was about 10. Our decision to use an 8-cluster-solution was based on subjective considerations, because our aim in this paper was to present the most ecologically and floristically consistent vegetation groups within Abies alba forests. Therefore, we decided to reduce number of clusters and obtain vegetation units that would be coherent and possible to interpret in floristic and ecological terms. Individual relevés, which significantly differed from the remaining relevés within the group, were subjectively allocated between clusters, based on their geographical location and floristic composition.
We did not use any methods of geographical stratification due to the lack of geographical coordinates in relevés originating from Slovakia and Austria. In order to avoid depletion in the available information and misinterpretation of the results, we excluded random stratification methods, due to the small number of available relevés compared to the wide geographical range of the analysis.
Species composition of the communities was presented in the summarised synoptic table with the modified fidelity Φ coefficient and the percentage frequency as superscript ( Table 1) . The diagnostic species (Φ>25) and/or species with frequency equal or higher than 80% are boldly marked in the table. Species that did not reach a fidelity of 20 and/or a frequency of 50% in at least one column were excluded.
In accordance with the methodology described above, we made an additional division within each cluster to recognize their internal diversity. Distinguished units, were characterised with a short description containing differentiating species, main ecological conditions and geographical or altitudinal range.
Mean Ellenberg indicator values (EIVs) were used to explain differences in species composition, as there were no direct measurements available [51] . In the first stage, the ordination analysis was performed using the Canoco 4.5/CanoDraw 4.1 software [52] . The structure of the data set was analysed with detrended correspondence analysis (DCA). The gradient length of the first DCA axis (3.681 SD units) indicated an application of unimodal ordination techniques. Therefore, the DCA was performed to obtain the sample scores used in the modified Monte Carlo permutation test. Default options and no transformation of species cover data was used in the DCA.
A forward selection procedure and modified Monte Carlo permutation test with 499 unrestricted permutations were conducted to identify the statistical significance of the environmental variables and their relationship with species composition of analyzed samples [53] . The test was performed with MoPeT_v1.0.r script prepared for this purpose in R software [54] by David Zelený. Sample scores of the first four DCA axes were used as external variables.
The analysis of variance (ANOVA) of mean EIVs among groups (with 499 unrestricted permutations) and multiple regression of EIVs with sample scores of the first four axes of DCA as external variables, were calculated using MoPeT_v1.0.r script and R software [53] . Chelidonium majus - Aruncus dioicus
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The altitudinal differentiation among clusters was calculated using all the available data (relevés number specified in the description of each cluster) and summarized as histograms (Figures 2a-h ). The analysis was performed using the PAST software [55] .
Syntaxonomical classification and nomenclature
A comparison of literature sources was necessary for interpretation of distinguished vegetation units. For this purpose, we analysed synoptic tables of silver fir forests covering our study area [24, 28, 29, [56] [57] [58] , as well as list of character species and descriptions of associations from Central Europe [25, 27, 59, 60] .
Results
After analyses we obtained 8 clusters of different silver fir-dominated forests ( Figure 1, Table 1 ). The species with Φ coefficient >40, as well as those with frequency in clusters higher than 80%, were boldly marked in the cluster's description. A: cluster 1 -oligotrophic subcontinental silver fir forests of Polish highlands; B: cluster 2 -oligotrophic (sub)montane silver fir forests; C: cluster 3 -hygrophilous silver fir forests; D: cluster 4 -oligo-mesotrophic (sub)montane silver fir forests; E: cluster 5 -mesotrophic (sub)montane silver fir forests; F: cluster 6 -submontane and montane calcicolous silver fir forests of the Alps and the Carpathians; G:cluster 7 -eutrophic silver fir-beech forests; and H: cluster 8 -ravine forests dominated by silver fir. (Figure 2h ). Geographical distribution of relevés: Czech Republic. Diagnostic species: Acer platanoides, Acer pseudoplatanus, Adoxa moschatellina, Aegopodium podagraria, Asarum europaeum agg., Carpinus betulus, Chaerophyllum temulum, Dentaria enneaphyllos, Elymus caninus, Fraxinus excelsior, Galium odoratum, Geranium robertianum agg., Geum urbanum, Hepatica nobilis, Impatiens nolitangere, Impatiens parviflora, Lamium maculatum, Plagiomnium rostratum, Poa nemoralis agg., Pulmonaria officinalis agg., Ranunculus lanuginosus, Sanicula europaea, Stellaria holostea, Stellaria media agg., Taxus baccata, Torilis japonica, Ulmus glabra, Viola odorata. Constant species: Abies alba, Acer platanoides, Acer pseudoplatanus, Asarum europaeum agg., Carpinus betulus, Dryopteris filix-mas agg., Fraxinus excelsior, Galium odoratum, Geranium robertianum agg., Impatiens noli-tangere, Impatiens parviflora, Mycelis muralis, Oxalis acetosella, Pulmonaria officinalis agg., Senecio nemorensis agg., Ulmus glabra. 
Descriptions of the clusters
Main environmental gradients
Differences in species composition of particular vegetation types enabled general identification of the main environmental factors causing this diversity.
A correlation of mean EIVs with the distribution of studied samples along the axes of DCA analysis revealed that four factors were responsible for the arrangement of studied samples along the first and the second DCA axis. These are: continentality, soil reaction, nutrients and temperature ( Figures 3A and B) . The distribution of samples along the third axis of DCA was correlated with light, moisture and continentality ( Figure 3C ). The fourth axis did not show any statistical significant correlation with environmental factors expressed by EIVs.
Multiple regression results confirmed that all analyzed EIVs exerted a statistically significant influence on variability of species composition within silver firdominated forests ( Table 2) .
Analysis of variance (ANOVA) performed within the final data set (718 relevés) using a modified permutation test revealed that none of the EIVs was statistically significant (P.modif in Table 3 and Figure 4) . On the contrary, standard ANOVA confirmed statistical significance of differences in mean values of all analyzed EIVs among clusters (P.perm in Table 3 and Figure 4 ).
Discussion
Diversity of Abies alba-dominated forests in Central Europe
A review of the literature conducted separately for each of the studied countries of Central Europe always produced a comprehensive overview of fir forests communities, which seemed to be consistent and unambiguous. Silver fir forests in the area of investigation were recently commented on by Moravec et al., Exner, Matuszkiewicz and Jarolímek et al. [27] [28] [29] [30] who presented a clear interpretation of particular syntaxonomical units distinguished during field work based on a specific set of environmental factors and diagnostic species. However, a major problem arises from any attempt to compare existing classification systems and associations distinguished within them. It turns out that individual syntaxonomical units known from Poland, the Czech Republic, Austria and Slovakia almost do not overlap with each other, and syntaxonomical position of silver fir is different in these countries.
Based on presented analyses we can distinguish in Central Europe at least eight types of forest communities with domination of silver fir, which differ among each other in species composition and ecological aspects.
Cluster 1 contained relevés only from Poland. Not only floristic composition but also geographical (Polish uplands and the Świętokrzyskie Mts) and altitudinal range (from 180 up to 550 m.a.s.l.) were in accordance with literature sources referring to association Abietetum albae [29, 56, 61] . Species diagnostic for this cluster (Pinus sylvestris, Vaccinium myrtilus, Luzula pilosa, Trientalis europaea and Calamagrostis epigeios) were continental in character, which corresponds well to occurrence of this type of phytocoenoses on the north-eastern border of the silver fir natural range.
Cluster 2 embraced relevés from highlands and lower montane zones across Central Europe (average altitude 712 m.a.s.l.). A large share of oligotrophic bryophytes (Bazzania trilobata, Leucobryum glaucum, Dicranum polysetum, Pleurozium schreberi, Polytrichum formosum agg.) and a constant and high share of Avenella flexuosa and Vaccinium myrtillus were distinctive features of this cluster. According to the results of the EIVs analysis, this cluster contains relevés with a high frequency of oligotrophic species and a high mean value of continentality, close to vegetation plots of Abietetum albae. That enables us to put forward a hypothesis about the subcontinental character of the phytocoenoses including in cluster 2 [see also 26] . Despite a few relevés from Poland, caused by insufficient participation of Abies alba in documented phytocoenoses, the occurrence of this community in some ranges of the Sudeten Mountains [62] and in the Carpathians [63] is likely. Species composition and habitat conditions suggest that the discussed cluster contains relevés that in most of the studied countries are treated as Vaccinio myrtilli-Abietetum (syn. Vaccinio vitis-idaeae-Abietetum). In Poland, the most similar phytocoenoses are included in the wide-treated AbietiPiceetum montanum association, which comprises all spruce-fir forests in the lower mountain zone, regardless of their trophic differences [29] . In the Alps these forests were included in Bazzanio-Piceetum (subunit 1) and Calamagrostio villosae-Piceetum (subunit 2) by Exner [28] . Cluster 3 contained relevés from the Czech Republic, Poland and Austria, which are of the most hygrophilous character. According to literature sources, they are usually treated as hygrophilous variants of various communities of fir forests [26, 57] or as separate associations. However, due to the close resemblance among relevés originating from different areas and a rich set of diagnostic species, the latter approach was more correct. Similar phytocoenose has been reported as Equiseto sylvatici-Abietetum or Carici brizoidisAbietetum from Austria [25, 28] , Slovakia [30] and Croatia [64] so far. In the Czech Republic, Husová [65] and Moravec et al. [27] described such a community as Carici remotae-Abietetum. Also the species composition of some forest patches from the Tatra foothills, which were included in the community Abies alba-Oxalis acetosella [29] , resembles this cluster. It means that the occurrence of these kinds of forests seems to be well documented in Poland and in the Czech Republic as well. This type of phytocoenoses are meso-and significantly hygrophilous in character and occur mostly in the lower montane zone.
Cluster 4 contained relevés from the entire studied part of Europe. They are of (sub)mountain character and occur predominantly in highlands and lower montane zones (average 644 m.a.s.l.). Diagnostic species are difficult to identify in this cluster. Only species that are medioeuropean in character (Calamagrostis arundinacea, Luzula luzuloides and Hieracium murorum) show higher participation and abundance. Cluster 6 contains relevés of the calcicolous silver fir phytocoenoses occurring at altitudes between 480 and 1410 m.a.s.l. in the Alps and the Carpathians. In the Alps it comprises phytocoenoses that could be recognized as Adenostylo glabrae-Piceetum and Adenostylo alliariaeAbietetum associations [25] , whereas Exner [28] presents silver fir as a dominant species in 12 Alpine associations classified into Abieti-Piceion alliance. In Poland similar phytocoenoses are included both in communities of Vaccinio-Piceetea (ass. PolystichoPiceetum, Galio-Piceetum) and Querco-Fagetea class (Carici albae-Fagetum p.p.) [29] . In Slovakia they belong to various communities classified within AthyrioPiceetalia order [30] . Nevertheless, distinguishing so many separate associations within the relatively limited area of two Central European mountain ranges may not be justified and needs futher investigation.
Dominance of Abies alba in the tree layer of eutrophic beech (Fagion sylvaticae) and sycamore (Tilio-Acerion) forests belonging to Querco-Fagetea class was commonly reported in literature and is in accordance with our results (clusters 7 and 8). However, as in the case of typical fir forests, a large number of syntaxonomical units reported from the studied region seem to be dubious. Silver fir forest communities similar to beech forests are in Poland classified as ass.
Dentario glandulosae-Fagetum or (partly) as Abies alba-Oxalis acetosella community, as well as Carici albae-Fagetum. In Austria they were recognized as ass. Mercuriali-Fagetum, Taxo-Fagetum, Poo stiriacaeFagetum, Adenostylo glabrae-Fagetum, montane form of Galio odorati-Fagetum and others [66] . In Slovakia they are included in at least four different associations within beech forests [30] . It seems that this group of communities should also be the subject of detailed syntaxonomical analysis across Central Europe, which would complete the classification proposed by Willner [19] for the southern part of Central Europe.
Communities of Tilio-Acerion dominated by Abies alba are reported from the Czech Republic and Slovakia. Moravec et al. [27] presented two vegetation types -Aceri-Carpinetum abietetosum and AruncoAceretum abietetosum. Husová [67] described scree forests dominated by silver fir as a separate association Tilio platyphylli-Abietetum. Two associations dominated by silver fir within Tilio-Acerion (Lunario-Abietetum and Tilio cordatae-Abietetum) are listed from Slovakia as well [30] .
In general, the presented results may indicate that the diversity of Abies alba-dominated forests in Central Europe may be lower than described in current regional synthesis and many of the distinguished vegetation units may be of a purely regional character. In this sense the presented results might be a next step towards creating a more consistent syntaxonomical system of silver fir forests in Central Europe. The main question is whether Abies alba-dominated forests should be treated as separate associations or included into the most similar spruce or beech forest associations. The answer to this question is still open for discussion.
Main environmental gradient
Influence of environmental factors, expressed by EIVs, on the diversity of silver fir forests has rarely been the subject of studies. Based on the results of the DCA analysis Boublík and Zelený [58] concluded that the most acidophilous forms of silver fir forests (Vaccinio vitisideae-Abietetum) were marked by the highest indicator values for continentality and light, whereas a distinctive feature of mesophilous communities included in the ass. Galio rotundifolii-Abietetum were higher indicator values for soil reaction, nutrients and temperature. Finally, oligo-mesotrophic communities (Luzulo luzuloidisAbietetum) were transitional in character in respect of all analyzed environmental factors. Moreover, the authors distinguished within the latter community a subassociation with high mean value of moisture, which could be related to phytocoenoses included in cluster 3 in this study.
On the basis of moisture and "humus value" (i.e. a product of soil reaction and nutrients) analysis within silver fir forests in Bavaria by Walentowski et al. [68] revealed almost identical dependences between studied communities included in the Vaccinio-Piceetea class (Vaccinio vitis-ideae-Abietetum and Luzulo luzuloidis-Abietetum) and Querco-Fagetea class (Pyrolo-Abietetum, Galio rotundifolii-Abietetum and Adenostylo glabrae-Abietetum). Despite taking into account only two EIVs, which produced a simplified diagram with distribution of analyzed samples, the diversity of plant associations described by the authors seemed to be well documented.
An exception was a study by Ewald [69] , who on the basis of analysis of relevés obtained from the database BERGWALD stated that in the Bavarian Alps Abies alba had a clear preference for acidic topsoil conditions and considered silver fir to be the climax species, intermediate between Fagus and Picea, with a clearly defined ecological niche.
The results of analyses presented in this paper on the one hand correspond to the above mentioned findings, on the other hand emphasize a wide range of ecological tolerance of Abies alba and its ability to be a component of various floristic patterns.
Multiple regression analysis with sample scores as external variables revealed a strong relationship in structuring communities among all the environmental factors such as temperature, moisture, soil reaction, nutrients, continentality and light.
This trend was clearly confirmed by the analysis of distribution of particular samples along the main axes of the DCA and their correlation with mean EIVs. Despite testing the statistical significance of these relationships with the rigorous permutation test proposed by Zelený and Schaffers [53] , most of the environmental variables represented by EIVs were highly statistically correlated with the arrangement of samples.
On the contrary, ANOVA analysis using the same modified permutation test [53] did not reveal statistical significant differences between mean EIVs for particular clusters. In spite of that, studied groups can be arranged according to the degree of acidity (soil reaction) from the most oligotrophic phytocoenoses represented in cluster 1 and 2 to the calcicolous communities occurring in the limestone parts of the Alps and the Carpathians. High thermic factor was a distinctive feature of communities occurring in uplands (cluster 1 and cluster 8) in contrast to other associations typical rather to the mountain zone. Cluster 3 meaningfully differed from the others in the average value of moisture, which indicated its hygrophilous character. Also the continentality indicator showed a gradual decrease from subcontinental forests of Polish highlands (cluster 1) up to calcicolous mountain silver fir forest (cluster 6). Discrepancies between the results of a modified permutation test probably can be linked to the disappearance of the differences between the mean EIVs caused by numerous groups of species with broad ecological amplitude, common to different clusters. Therefore, extreme ranges of EIVs in particular clusters presumably had overlapped each other. In turn, standard ANOVA analysis revealed statistical significance of all analysed ecological factors represented by mean EIVs, which on the one hand corresponded with the results obtained in the DCA analysis and multiple regression, on the other hand according to latest research, differences in mean EIVs among clusters derived from species composition should not be tested using this method [53] .
Diversity of Abies alba-dominated forests, which derived from the performed analysis seems to be justified both by environmental factors specific for each group and geographical distribution. Hence, it can be concluded that the diversity of the communities of silver fir forests in each case is dependent on the correlation of a number of environmental factors among which the most important are latitude and altitude (causing temperature and precipitation differences), longitude (responsible for annual range of temperature and differences in amount of precipitation during the growing season) and local factors such as bedrock, soil type and moisture.
At least some of the vegetation units distinguished in the current study may successfully correspond to forest associations that have been already described in supra-regional contexts. However, confirmation of this assumption requires more extensive research, including forest communities created by forest species coexisting with silver fir, such as beech and spruce.
